Abstract-Power-line communication (PLC) has been the main enabler for modernizing the aging electrical power grid. As such, PLC systems have been the subject of intensive research in the community. One of the major aspects of PLC is the link interface, for which orthogonal frequency-division multiplexing (OFDM) has been widely adopted. In this paper, we propose the application of orthogonal poly-phase-based multicarrier code division multiple access (OPP-MC-CDMA) due to its inherent better flexibility and signal-envelope properties which can be utilized to further enhance the reliability of PLC signals. The proposed OPP-MC-CDMA system is implemented with a minimum mean square error equalizer and nonlinear preprocessing to overcome the effects of bursty noise and multipath frequency-selective fading commonly experienced in PLC channels. We study the performance of this system in terms of the output signal-to-noise ratio ( 
I. INTRODUCTION

N
OWADAYS everything is expected to conform to the concept of smart environments, not least of which the electric grid. The considerable domestic and industrial reliance on electricity has significantly strained such a limited resource and this, consequently, has driven utility companies to realize the urgency to modernize the existing and aging grid in order to efficiently cope with the modern society requirements. Thanks to advances in communications many smart grid (SG) services and functionalities have been made possible such as remote power grid configuration, dynamic pricing, advanced metering, and load control [1] , [2] . It is broadly believed that, for more efficient realization of SG, a heterogeneous set of networks should be adopted such as Wi-Fi, coaxialcables, fiber optics, power-line networks, etc., since no single technology can be a perfect solution for all scenarios [2] . However, the fact that power-line communication (PLC) technology incurs no additional installation costs makes it more attractive to SG developers than the other alternatives. Not only that, but also because PLC is a through-grid technology, it reduces the reliance of utility companies on third party connectivity, which of course will result in a cost reduction, and eliminate security and privacy issues [3] . PLC is, generally, divided into two main categories, namely, narrowband PLC (NB-PLC) and broad-band PLC (BB-PLC) both of which can offer solutions for different SG scenarios and applications such as advanced metering infrastructure, home automation, etc. [4] - [8] . NB-PLC mainly exploits the lowand medium-voltage distribution network whereas BB-PLC utilizes the low-voltage distribution network as illustrated in Fig. 1 . It should be mentioned that the focus of this paper will be mainly on BB-PLC. It is well acknowledged that power-line channels are a very harsh and noisy transmission medium suffering tremendously from frequency selectivity, time-varying topology issues, electromagnetic interference, and noise. Many studies have concluded that noise is the most crucial element influencing the reliability of PLC-based SG applications which is, in general, classified into background noise (BN) and impulsive noise (IN) [9] - [11] . It is also found that IN can have very high amplitudes with durations frequently exceeding the signal symbol length which can dramatically worsen the quality of service [9] , [12] . In order to emulate both types of noise and obtain reasonable predictions of BB-PLC system performance, Middleton class-A noise model [13] , [14] is commonly used by PLC researchers [15] , and likewise, it will be adopted in this paper. To reduce the adverse effect of IN, blanking, clipping, or a combination of both (hybrid), is usually applied at the front end of the receiver to zero or/and clip the incoming signal when it exceeds a certain threshold value [16] , [17] .
However, the performance of such techniques is highly affected by the type of link interface used. Orthogonal frequency division multiplexing (OFDM) is a widely adopted interface for PLC systems due to its ability to convert a frequency-selective channel to a set of flat fading channels. However, it has been shown that IN cancelation is less effective due to its high signal-envelop fluctuations. As such, and for more efficient SG applications, in this paper, we investigate the performance of multicarrier code division multiple access (MC-CDMA) [18] - [20] with blanking, clipping, and adaptive hybrid over multipath PLC channels which provides granularity in both time and frequency domains, hence allowing a high degree of flexibility. While both MC-CDMA and conventional OFDM transmit symbols in parallel, they differ in the sense that the latter transmits different symbols over the available subcarriers whereas in the former each symbol is spread over the entire number of subcarriers, hence both systems still provide equal data rates. Although no specific SG scenario is considered here, the proposed system is generally applicable to any SG application utilizing the power-line network; for example, it could be used for smart meters and home automation applications. The motivations for using CDMA for PLC includes, first, its flexibility as a multiple access system compared to other PLC OFDM-based standards which rely on the carrier sense multiple access-collision avoidance algorithm [21] - [24] . This can, consequently, reduce system complexity and delay considerably. Second, its resilience to IN and its lower peakto-average power ratio (PAPR) features, compared to OFDM, for certain types of sequences make CDMA a very attractive alternative. It should be indicated that several studies have already investigated the performance of these systems over wire-line channels such as digital subscriber line and powerlines; in particular, Crussiere et al. [25] , [26] and Baudais and Crussiere [27] considered the problem of resource allocation and synchronization.
To realize MC-CDMA [28] , many classes of spreading sequences can be utilized such as pseudonoise, Gold, Kasami, Walsh-Hadamard (WH), and orthogonal poly-phase (OPP) sequences [29] , [30] . In this paper, however, we consider MC-CDMA with OPP sequences which are the nonbinary extension of the binary WH sequences. The rationale for selecting these codes includes: first, their robustness against timing misalignment which can significantly degrade the performance of the binary WH codes. Second, OPP codes have similar cross-correlation properties as the binary WH and, unlike the latter, OPP codes are not limited by the sequence length hence can accommodate much more users/data. Third, but most importantly, such codes tend to have lower PAPR properties as the constellation size of these codes is increased. The utmost importance of this property resides in the fact that minimizing the PAPR of the transmitted signal will ultimately flatten the envelop of the signal which will allow more efficient blanking and/or clipping of IN at the receiver and hence improve the overall performance. It should also be mentioned that a minimum mean square error (MMSE) equalizer is employed at the receiver to compensate for the intersymbol interference (ISI) caused by the frequency-selective channel without increasing the noise power.
The contribution of this paper is threefold. First, the PAPR performance of the OPP-MC-CDMA approach is studied for various constellation sizes of OPP codes under full-and half-loading system scenarios to establish the critical relationship between the system loading, OPP code constellation size, and PAPR of the transmitted signal. This is important as it was shown [31] that signals with lower PAPR are more resilient to bursty noise. The second contribution resides in evaluating the signal-to-noise ratio (SNR) value at the output of the most three popular nonlinear preprocessors for reducing the impact of bursty noise in multipath fading. Finally, the problem of blanking and clipping thresholds optimization is addressed in different noise environments and the corresponding maximum achievable output SNR and minimum symbol error rate (SER) performances are evaluated. Although, this paper mainly focuses on the analysis of OPP-MC-CDMA in the context of improving the reliability of SG applications, for the purpose of comparison, OFDM-based schemes are also included throughout our investigations. The results indicate that OPP-MC-CDMA with blanking and clipping can offer up to 5.25 and 2.25 dB improvement in the output SNR relative to the OFDM-based schemes, respectively. It is also shown that the proposed system is always able to considerably enhance performance even when the constellation size of OPP codes is relatively small and this enhancement increases as the number of OPP codes phases is increased.
This paper is organized as follows. In Section II, the system model is described. Section III discusses the PAPR performance of the proposed system for various OPP codes phases. Section IV is dedicated to study the output SNR of the proposed system. In Section V, the maximum achievable output SNR and the minimum SER performances that correspond to the optimal blanking and clipping thresholds are examined for various noise scenarios. The impact of Middleton class-A impulsive index on the overall performance of the optimized system is outlined in Section VI. Section VII presents a bit error rate (BER) performance comparison between the proposed MC-CDMA and the coded OFDM systems. Finally, Section VIII gives the conclusion.
II. SYSTEM MODEL
The system model under consideration is illustrated in Fig. 2 . First, the 16-QAM symbol (s m ) of each user is spread using the user-specific code c m = [c
, M is the total number of users, and N denotes the code length. It should be stated here that, throughout this paper unless explicitly stated otherwise, we use a fully loaded system (i.e., M = 64 users). After that, the spread signals are multiplexed to produce
which is then passed through a serialto-parallel (S/P) convertor. The S/P output is fed to an inverse fast Fourier transform (FFT), the size of which is equal to the code length (N), then applied to a parallel-to-serial (P/S) convertor and a cyclic prefix is added before transmission. The transmitted signal for one MC-CDMA block is expressed mathematically as
where T s is the MC-CDMA symbol duration. Using this definition in (1), the PAPR of the MC-CDMA transmitted signal is given by
where E is the expectation operator and
Oversampling of 4 is implemented in this paper as such oversampling rate is shown in the literature to provide accurate estimates of the PAPR [32] . After the signal is passed through the multipath PLC channel, the received signal can be written as
while " * " denotes convolution operation, h k is the impulse response of multipath fading channel, and n k is the total noise component. In this paper, we adopt a standard Rayleigh multipath fading channel for both OFDM and MC-CDMA systems and assume that the number of channel taps is lower than the cyclic prefix duration to avoid the ISI problem, i.e., orthogonality is maintained by the cyclic prefix. It should also be pointed out that perfect channel estimation is assumed and hence the results will serve as an upper bound for the performance.
As mentioned in Section I, Middleton class-A noise model is adopted here to emulate the total noise characteristics. This model considers both BN and IN components and has the following probability density function (PDF):
where
while σ 2 m denotes the variance of the mth considered IN source, σ 2 u is the total noise power, σ 2 G is the Gaussian noise power, σ 2 I is the impulsive (non-Gaussian) noise power,
representing the the average number of impulsive sources simultaneously active and is referred to as impulsive index, and denotes the ratio between the average power of the Gaussian component and the impulsive component; is also referred to as the Gaussianto-impulsive ratio. It should be mentioned here that there are other noise modeling schemes reported in the literature most of which are empirically based [33] - [35] . Having a closer look at (4), however, it can easily be noticed that the PDF of Middleton class-A model (4) is, basically, a sum of weighted normal distributions. It is clear that the three parameters A, , and σ 2 u specify the statistical characteristic of this model and that when A is large IN will become continuous and, therefore, Middleton class-A noise becomes more likely as Gaussian noise; while conversely, low values of A means rare and highly structured IN. To visualize this, numerical results, obtained from (4) for (m = 0 → 100), are illustrated in Fig. 3 for various values of A when = 0.01 along with the Gaussian PDF. It is apparent from this figure that when A is large (A = 10) the distribution of Middleton class-A noise is very similar to Gaussian distribution but becomes more impulsive as A is reduced. In order to diminish the deleterious impact of IN, the received signal (r k ) is passed through one of the following nonlinear preprocessors.
1) Blanking
where T b is the blanking threshold.
2) Clipping
where T c is the clipping threshold. 3) Adaptive hybrid
where r k and y k are the input and output of the nonlinear devices, respectively; whereas α is a scaling factor (α > 1) which defines the ratio between the blanking and clipping thresholds. Above all, the adaptive hybrid scheme was found to establish the lower bound performance of the nonlinear preprocessing-based method since it optimizes not only the threshold but also the scaling factor [36] . It is important to emphasize that all the nonlinear devices only modify the amplitude of the received signal while leaving its phase unchanged. After the nonlinear device, the next stage is the CP removal after which the resultant signal (z k ) is fed to the S/P converter and then to an N-point FFT to produce W = [W 0 , W 1 , . . . , W N−1 ]. In order to compensate the channel distortion, equalization is performed using the MMSE equalizer as [37] where SNR out represents the SNR at the output of the nonlinear preprocessor and H(k) is the channel frequency response.
After that, the output of the MMSE equalizer is passed through a P/S converter which is then multiplied by the spreading codes to produce estimates for the data symbols of the different users (s m ). Finally, 16-QAM demodulation takes place and the SER can be calculated.
III. PAPR RELATIONSHIP TO OPP CONSTELLATIONS
In this section, we investigate the impact of the number of OPP codes phases (φ) on the PAPR performance at the transmitter side. Before proceeding with this, however, the complementary cumulative distribution function (CCDF) of the PAPR should be introduced. It is defined as the probability that the PAPR of a data block exceeds a given threshold (PAPR o ) and is expressed as CCDF = 1−P(PAPR ≤ PAPR o ). Fig. 4 depicts the PAPR performance of the OPP-MC-CDMA signal against φ for two loading scenarios: 1) half-loading (M = 32) and 2) full-loading (M = 64) when CCDF = 10 −1 , 10 −2 , and 10 −3 . The first observation one can see from these results is that the PAPR value is reduced with increasing the number of OPP codes phases. Comparing the two loading scenarios, it is obvious that full-loading has always lower PAPR with respect to half-loading at the same CCDF and φ values. It is also apparent that the amount of PAPR reduction is more significant in full-loading than that with half-loading. For example, in the former case at CCDF = 10 −3 , a PAPR reduction of about 6 dB can be achieved when φ = 64 relative to the system with φ = 2 whereas only about 4.5 dB is attained from the half-loading scenario at the same CCDF value. This enhancement can be intuitively justified by the increase in the phase randomization across the subcarriers which is related to the minimum-distance decoding of the sequences [38] . This, eventually, leads to more averaging of the transmitted MC-CDMA signal and consequently improves the overall PAPR performance. Furthermore, it is noteworthy to mention that the PAPR tends to level off for very large constellation sizes of OPP codes. Recalling the OFDM-based results found in [31] , minimizing the signals' peaks implies that IN will become more easily identifiable at the receiver and, subsequently, will allow more accurate and efficient noise cancelation.
Although, in this section, we looked into both half-and full-loading scenarios, in the rest of this paper, without loss of generality, the focus will be primarily on the latter not only because it relatively has better PAPR properties but also because full loading is a more common configuration in practice.
IV. PREPROCESSOR THRESHOLD IMPACT
ON THE OUTPUT SNR In this section, we assess the performance of OPP-MC-CDMA with different constellation sizes in terms of SNR at the output of the nonlinear preprocessors. The output SNR is determined as
. Our investigations from this section onward, unless stated otherwise, are based on: M = 64 users, sampling rate is four samples per subcarrier, transmitted signal is normalized as σ 2 x = (1/2)E[|x k | 2 ] = 1, σ u = 0.05, A = 0.0025, and = 0.001 which means that IN is 1000 times, or 30 dB, greater than the BN level. Fig. 5 shows the output SNR of the proposed system versus the blanking/clipping threshold for the three nonlinear preprocessing schemes with different OPP codes phases {φ = 2, 4, 8, 64} in a multipath fading channel. In addition, the performance of OFDM-based schemes is also included with and without multipath fading. Note that, for fair comparisons same channel is used for both MC-CDMA and OFDM systems. It should be pointed out that the analytical results of the OFDM system W/O multipath for the blanking and clipping techniques are found using (10) with K o and E out expressions derived in [17] ; whereas, for the adaptive hybrid, these parameters found in [36] for the two component mixtureGaussian noise model and are rewritten as in (11) and (12) , shown at the bottom of the page, for the general Middleton class-A noise model.
As a first common observation on the results shown in Fig. 5(a)-(c) , it is clear that the analytical results of OFDM W/O multipath and the simulated ones are in good agreement. As anticipated, it is obvious that, in a multipath channel and irrespective of the nonlinear device utilized, the performance of the OPP-MC-CDMA system always outperforms the OFDM approach even with a small number of phases (e.g., φ = 2) and this improvement becomes higher as the code constellation size is increased. Clearly, the proposed system with (φ = 64) can offer output SNR gains of up to 4 dB, 2 and 4 dB relative to the OFDM-based one when blanking, clipping, and adaptive hybrid are employed, respectively. Interestingly enough, however, it is evident that when the constellation size of OPP codes is sufficiently large (φ = 64), OPP-MC-CDMA can always achieve exact performance as OFDM W/O multipath. Notably, in both OFDM and OPP-MC-CDMA approaches, the adaptive hybrid scheme serves as an upper bound for the performance compared to blanking and clipping cases. Another general trend can be noticed for the three aforementioned nonlinear devices that is when the blanking and/or clipping threshold is very large, i.e., no nonlinear preprocessing is performed (typical receiver), the output SNR approaches 13 dB in which scenario it can be expressed mathematically as
which can also be written in terms of Middleton class-A noise parameters as
As a final remark on the results in this section, it is interesting to observe that for every phase value there is always an optimal blanking/clipping threshold that maximizes the output SNR performance. The performance under optimal blanking or/and clipping conditions is investigated next for different noise scenarios.
V. PERFORMANCE OPTIMIZATION
In this section, extensive computer simulations are conducted to find the optimal blanking/clipping thresholds, the maximum achievable output SNR and the minimum achievable SER performance 1 for the OPP-MC-CDMA and OFDM systems under various noise scenarios. To attain this for the 1 The maximum achievable output SNR and the minimum achievable SER are defined as the output SNR and SER performance that correspond to the optimal blanking/clipping threshold, respectively.
OFDM-based systems W/O multipath, it is more convenient to rewrite (10) as
Clearly, the solution of (15) is difficult to express in closed form and out of the scope of this paper. Therefore, we will proceed numerically by satisfying the following argument:
It should be mentioned that from this point onward, only blanking and clipping are considered, not only because adaptive hybrid was shown to offer insignificant improvement compared to the other two nonlinear devices, but also because it is more complex to achieve optimal performance as it requires optimizing two parameters (T ah and α), instead of one. For the OPP-MC-CDMA and OFDM with multipath, the optimal thresholds are found by means of simulation by satisfying the following argument:
Fig. 6 depicts some results for the optimal blanking and clipping thresholds versus the noise power, 10 log 10 (σ 2 u ), for both MC-CDMA and OFDM systems with and without multipath. It is evident that for both nonlinear preprocessing-based systems the optimal thresholds for MC-CDMA with φ = 64 closely match that of the OFDM system W/O multipath. Another common observation in both blanking and clipping schemes is that the optimal thresholds become smaller as the number of phases is increased. Although only the optimal thresholds when is kept fixed are presented here, below we discuss the corresponding maximum achievable output SNR and minimum achievable SER for two different scenarios depending on whether or not is varied. 
A. Fixed Γ
In this section, we examine the optimized system performance when σ 2 u is varied while fixing . With this in mind, the maximum achievable output SNR is plotted versus 10 log 10 (σ 2 u ) as shown in Fig. 7 (a) and (b) for the systems under consideration with blanking and clipping, respectively, when A = 0.0025 and = 0.001. Comparing Fig. 7(a) and (b) , few common observations can be seen. First, the typical receiver always has the worst performance followed by the OFDM system with multipath. Second, the MC-OPP approach always outperforms the OFDM-based schemes even with a small value of φ and this enhancement becomes higher as φ is increased. The third common trend in these figures, and the most interesting, is that the proposed system with (φ = 64) approaches the performance of OFDM W/O multipath over the entire noise spectrum. In general, it is also noticeable that blanking always yields better performance than clipping under same noise and modulation features.
Moreover, it is clear that when σ 2 u is very low, around 25 dB below transmitted signal level, the performance is very good for both blanking and clipping which is intuitive. At the other extreme, however, when σ 2 u is very high, around 10 dB above the signal level, performance deteriorates dramatically. This can be justified by the fact that in this noise region, the system becomes Gaussian limited making the nonlinear preprocessing-based schemes inefficient. However, in the intermediate σ 2 u region −25 dB σ 2 u 10 dB, it is noted that for the blanking-based systems the output SNRs degrade as σ 2 u increases until it reaches about −15 dB after which performance begins to improve reaching its peak at around σ 2 u = 0 dB with an output SNR of 24 dB before it declines rapidly again. On the other hand, for the clipping case, it is evident that the output SNR consistently decreases as σ 2 u increases over the entire intermediate region of σ 2 u . For more quantitative characterization of the proposed system, the SER performance in correspondence to the SNRs curves shown in Fig. 7 is found and presented in Fig. 8 for both blanking and clipping from which similar observations can be seen. Notably, blanking has generally lower SER performance but when σ 2 u is extremely high, SER reaches 1 for all considered systems indicating that the nonlinear devices are no longer efficient and, as a consequence, more sophisticated techniques should be utilized instead.
B. Varying Γ
In this section, we keep σ 2 G fixed such that signal-to-Gaussian-noise ratio SGNR = 10 log 10 (σ 2 x /σ 2 G ) = 30 dB while varying σ 2 I . Under these conditions, the output SNRs of the optimized OPP-MC-CDMA and OFDM systems versus = 1/ are illustrated in Fig. 9 with different values of φ. Similar trends as in Fig. 7 can be seen except the fact that when is very large, meaning that σ 2 u is also very large as shown in the top of y-axis, the output SNR does not decline as in the previous section. This is owing to the fact that the system is no longer Gaussian limited (since σ 2 G is kept fixed) and IN becomes the dominant parameter in this region. Therefore, when IN is very large it becomes more distinguishable from the useful transmitted signal and, consequently, more efficient banking and clipping process is accomplished. The corresponding SER performance is illustrated in Fig. 10 and similar trends can be noticed.
VI. IMPULSIVE INDEX IMPACT ON
THE OPTIMIZED SYSTEMS To illustrate the impact of impulsive index on the performance of the proposed system, we set the noise power as σ 2 u = 0.05 and plot the maximum achievable output SNR of OPP-MC-CDMA with blanking and clipping versus φ for A = 0.001, 0.003, 0.005, 0.01, and 0.05 as shown in Fig. 11(a) . The reason for selecting such noise parameters is to examine a wide range of noisy channels ranging from weakly to heavily disturbed IN environments [14] , [39] , [40] . It is clearly visible from these results that the output SNR is inversely proportional to A but, as expected, directly proportional to φ. For instance, when A = 0.001, gains of up to 3 and 2 dB are attained when (φ = 64) relative to the case when (φ = 2) for the blanking and clipping, respectively; whereas when A = 0.005 these gains are reduced to around 2.5 and 1.5 dB for the same features. It is also obvious that the OPP blanking-based scheme performs better than the clipping one when A is low (e.g., A = 0.001, 0.003, and 0.005) whereas clipping offers slightly better performance when A is relatively high (e.g., A = 0.01 and 0.05). Furthermore, it is interesting to note that in a heavily disturbed IN environment (A = 0.05) the output SNR becomes almost independent of φ for both nonlinear preprocessing-based systems. However, it was presented in [9] that such a high-IN probability of occurrence is very rare in practice.
For better visualization of the achievable gain over the OFDM-based scheme, we plot the relative gain (G OPP-MC-CDMA ), which is basically the ratio between the maximum achievable output SNRs of the OPP-MC-CDMA and OFDM systems, and is given by Fig. 11(b) depicts G OPP-MC-CDMA versus φ for several values of A from which it is evident that when A = 0.001 gains of up to 5.25 and 2.25 dB can be achieved when (φ = 64) for the blanking and clipping scenarios, respectively. Notably, in a heavily disturbed IN environment G OPP-MC-CDMA becomes negligible for clipping and zero for blanking which implies that under such IN conditions OFDM system should be implemented instead since it is less complex. Finally, it must be mentioned at this stage that the improvement the proposed system offers is obtained at the expense of higher complexity of both transmitter and receiver.
VII. MC-CDMA VERSUS CODED OFDM
It is well-known that the performance of communication systems can be further enhanced with forward error detection techniques. In particular, coding is able to significantly improve the performance of OFDM-based systems in the presence of IN. Numerous codes have been examined over PLC channels such as convolutional codes, low-density parity check, and Reed-Solomon codes [41] - [45] . Amongst these coding schemes, convolutional codes have been the most widely adopted by various PLC standards [33] , [46] - [48] . Therefore, in this section, and for more realistic results, we compare the minimum achievable BER performance of the proposed system to that of coded OFDM. Convolutional codes are used with code rate of 1/2 and constraint length of 7 while the Viterbi algorithm is used for decoding. Simulation parameters adopted here are N = 64, QPSK modulation, A = 0.1, input SGNR = 30 dB, and φ = 64. Fig. 12 demonstrates the BER performance versus for OFDM, coded OFDM, and MC-CDMA systems with both blanking and clipping at the receiver. For completeness sake, we have also added the BER curves of the typical coded and uncoded OFDM schemes. The first observation one can see is that the proposed OPP-CDMA still always outperforms the other systems for all values. It is also apparent, as expected, that coded OFDM improves the BER performance in comparison to the uncoded one. However, it should be highlighted that the performance of the typical coded OFDM approaches the performance of the typical uncoded OFDM when IN is too high, i.e., 10 3 . This simply implies that in such IN channels, even coding becomes inefficient and, therefore, other mitigation schemes should be considered such as blanking and/or clipping.
VIII. CONCLUSION
This paper focused on enhancing the reliability of PLC systems for potential implementation in SG applications. To accomplish this, we implemented OPP-based MC-CDMA over frequency-selective power-line channels contaminated with Middleton class-A noise. Three burst noise reduction techniques were considered, namely, blanking, clipping, and adaptive hybrid. The problem of blanking and clipping threshold optimization was also studied. In comparison to the OFDM-based scheme, it was found that the proposed system is more effective in tackling the PLC channel impairments providing output SNR gains of more than 5 and 2 dB for the blanking-and clipping-based systems, respectively. It was also demonstrated that the performance of the OPP-MC-CDMA approach improves as we increase the constellation size of the OPP codes due to the inverse relationship between the constellation size and signals' PAPR. Furthermore, for a more reasonable comparison, the BER performance of the coded OFDM, using convolutional codes, was investigated and compared to the proposed system.
